
VERTICAL CURVE SECTION 

Function of Vertical Curve Section. (See ES-88, page 2.125, for nomen- 
cl2,tur-e.) The explicit function of the vertical curve section is to convey 
and guide all dischrges of water less than the design discharge with a 
recommended freeboard from a channel of one bottom slope to a channel having 
a different bottom slope in a manner which 

a. provides positive bed pressures 
b. will not cause any appreciable waves in the steeply-sloped 

channel. 

Flow in e channel having a bottom slope which increases in the dovn- 
stream direction will exert a pressure on the channel bottom (or bed) less 
than the depth of flow above the bed. When the rate of change in the bot- 
tom slope is sufficiently great, negative pressure will exist on the bed. 
Negative bed pressures indicate the flow springs free of the channel bottom. 
It also indica.tes 2-n upward force is applied adgainst the channel bottom. 
Both of these effects are undesirzble. Flow springing free of the channel 
bottom can cause unacceptable flow conditions downstream by impinging back 
onto the channel bottom. Further, flow springing free of the chamel bed 
may cause overtopping of the channel sidewalls. The force created by the 
negative pressure ca,n be so large that struc'tural failure occurs from uplift 
of channel or of the channel bottom. 

The vertical curve sections considered will be rectangular with straight, 
. parallel sidewalls to insure favorable velocity and discharge distributions. > 

The top edges of the sidewalls are designed to be flush with the embank- 
ment slope. ( s e e  Fig. m, page 2.119. ) In most instances, this requires 
that a vertical curve be constructed at each end of the vertical curve sec- 
tion. Vertical curve sections having their top edge on a slope of 3 to 1 and 
capable of conveying a discha-ge without freeboard qL,v evual to or less than 
20.196 cfslft do not require a lower verticzl curve. Requiring the top edge 
of the sidewall to be flush with the embankment as shown by Fig. 7b usually 
will require the inlet to be of shorter length and the vertical curve section 
longer than for a structure with a vertical curve as shown by Fig. 7a. 

Vertical Curve Used to Change a Channel Bottom of Zero Slope to a 
Slope sv (upper Vertical curve). The momentum theorem gives the horizontal 
velocity v~ of flow over a broad crested weir as 

where vc = critical velocity of the discharge in the weir section in ft/sec 

The actual horizontal velocity of flow over a broad-crested weir is lower 
than the velocity vM given by Eq. 5.1. A vertical curve for a particle of' 
water in the surfxe of the lower nappe and having a velocity of vbl can be 
deduced from the theory of free-falling bodies. 



Equation 5.2 g ives  t h e  equat ion of t h e  upper v e r t i c a l  curve i n  t h e  
v e r t i c a l  curve s e c t i o n  when t h e  o r i g i n  i s  a t  t h e  TC of t h e  curve. ( s e e  
ES-88, page 2.134. ) Coordinates f o r  t h e  v e r t i c a l  curve as def ined  by E q .  
5.2 a r e  given i n  Tzble A.  T h i s  v e r t i c a l  curve i s  s a t i s f a c t o r y  f o r  a l l  
d ischarges  har ing  a c r i t i c a l  depth of 8 f t  o r  l e s s  and i s  used t o  convey 
flow from zero s lope  t o  a s lope  of s y .  

tiliere y = v e r t i c a l  d i s t a n c e  from t h e  o r i g i n  t o  eny p o i n t  on t h e  upper 
v e r t i c a l  curve i n  f t  

x = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  any p o i n t  on t h e  upper 
v e r t i c z l  curve i n  f t  

A s e t  of va lues  of x 2nd y e r e  given i n  Table A, ES-88, page 2.134. The 
va lues  a r e  applicalble f o r  any s lope  s o  as t h e  d ischarge  i s  l e s s  than  t h a t  
corresponding t o  dc = 8 f t ;  i .e . ,  q < 128.5 c f s / f t .  

The coord ine tes  of t h e  po in t s  xl and yl a t  which t h e  upper v e r t i c a l  
curve has a  s lope  of s v  a r e  

where s v  = s lope  of t h e  bed of t h e  v e r t i c a l  curve s e c t i o n  f t / f t .  ( s e e  
next  paragr2ph f o r  method of determining t h i s  v a l u e . )  

yl = v e r t i c a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i c a l  
curve i n  ft 

x, = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i -  
c a l  cnrve i n  f t  

The coord ina tes  xl and yl g ive  t h e  d-mensions from t h e  o r i g i n  t o  t h e  down- 
s t ream end of t h e  upstream v e r t i c a l  curve.  These va lues  a r e  t a b u l a t e d  i n  
Table 3, ES-88, page 2.126, when s o  = l/3. 

Slope sv of bottom of' v e r t i c a l  curve s e c t i o n  connect ing t h e  upper m d  
lower v e r t i c a l  curves i s  given by t h e  s o l u t i o n  of the  quadra t i c  equat ion 

16  s o  sv2 + + 8 - N sec  (tan" s o )  - 50 so2] s,, + s o  ( 2 5  so2 -3) = 0 

When s,, i s  imagina,ry, no v e r t i c c l  curve i s  requi red  and t h e  bottom s lope  be-  
comes equnl t o  s o .  Values of sv may be  read  from Table jb, ES-88, page 2.126, 
when s o  = 113. 

Values o f  x, and y, ( s e e  ES-88, pege 2.125, f o r  d e f i n i t i o n )  e r e  given 
by t h e  ec~uat ions  

I -1 x, = -  p + 3 - N  s ec  ( t a n  so)J - 5 0  s o  + 32 s v  
"0 

V, ' lues of x, and y2 f o r  channel bottoms having 3 t o  1 s lope  may be  read  from 
Tsble Tb, ES-88, pege 2.126. 



NOTE - - 
Figure To shows chute spillway having i t s  top  edge of s idewalls  of channel 
and v e r t i c a l  curve s t r a i g h t  and f l u s h  with t h e  embankment. Figure 7a shows 
a chute spi l lway with a  bottom slope so of t h e  channel and lower por t ion  of 
the  v e r t i c a l  curve sec t ion  p a r a l l e l  t o  t h e  embankment s lope.  Observe how 
the  top  edge of t h e  v e r t i c a l  curve sec t ion  i n  Figure 7a p r o j e c t s  above the 
embankment and has a v e r t i c a l  curve sec t ion  shor te r  than t h a t  of Figure 7b 
but an i n l e t  longer than t h a t  shown i n  Figure 7b. I n  some instances Figure 
7b has a v e r t i c a l  curve a t  t h e  downstream end of t h e  v e r t i c a l  curve sec t ion .  
Figure 7a does not requi re  such a v e r t i c a l  curve. Drawing ES-88 i s  based on 

Comparison of a  chute pos i t ion  i n  an embankment obtained by ( a )  f i x i n g  t h e  bottom slope of t h e  channel 
and v e r t i c a l  curve sec t ion  t o  be p a r a l l e l  t o  t h e  embankment s lope and (b) f i x i n g  t h e  t o p  edge of t h e  
s idewal ls  p a r a l l e l  (and f l u s h )  wi th  t h e  embankment. 

FIGURE 7 



Vertical Curve Used to Change a Channel Bottom of Slope sy to Slope 
of so (~ower Vertical Curver. The lower vertical curve is also deduced 
from-the theory of free falling bodies. Equation 5.4 gives the coordinates 
of the lower vertical curve in vertical curve sections when the origin is 
et the TC of the curve. This vertical curve is satisfactory for changing 
bottom slopes from sv to any other greater slope for all discharges having 
a velocity less than 40 ft/sec. It is also satisfactory for all discharges 
which have critical depths less tham 8 ft provided the lower end of this 
vertical curve is a distance 3 o f  8 ft or less below the floor of the inlet. 

where y = vertical distance from the origin to any point on the lower 
vertical curve in ft 

x = horizontal aistance from the origin to any point on the lower 
vertical curve in ft 

sv = slope of the floor of the vertical curve section at the origin 
of the lower verticzl curve in ft/ft 

Values of the coordinates x and y of the lower vertical curve may be obtained 
from pages 2.135, 2.136, md 2 .l37 of ES-88. Values of x, and y, for any 
channel slope are 

Values of x, and y, for chutes having 3 to 1 slope may be read from T2bLe jb, 
ES-88, page 2.126. 

Replacement of Vertical Curves by Straight Chords. Drawing ES-88, page 
2 -124, shows the replacement of vertical curves by straight chords. Values 
of xI, x2, x3) yl) y2, y3? a n d  sv may be determined by the preceding parn- 
graphs. Verticzl curves will provide better flow conditions than straight 
chorCs . 

The a,ssocia,ted values of 2, M, N, R, xl, x,, x,, y,, y2, y3, sy, znd 
qmv for verticel curve sections h~ving the top of their sidewalls on a slope 
of 3 to 1 ere given in Tables 3a and 3b, ES-88, pages 2.125 and 2.126. 
These values are for vertical curve sections used to convey water from a 
horizontal bottom channel to a channel having a 3 to 1 slope. The general 
formulas to determine the value of x,, x,, x,, y,, y,, y3, and sv for any 
value of M, N, so, and 3 are given by ES-88, page 2.134, These formulas 
will give sa,tisfzctory vertical curves provided the restrictions noted in 
the preceding paragraphs are setisfied. 

Freeboard zt m y  section in the vertical curve section is the difference 
in the normal height of the sidewall shove the floor and the perpendicular 
depth of flow of the design discharge Q,. It is measured in feet end is F* 

safety fsctor to prevent overtopping of the sidewall as a result of several 
fectors. These fmtors include wave action, incorrect evaluation of air en- 
trzin~nent (see page 2.139) and depth of flow, or a lxger dischzrge t h m  
anticipated. 



The information available to the design engineer to determine the depth 
of flow for a given discharge in a steep channel is meager. The presence of 
small waves even with good velocity and discharge distribution is likely. 
Because of these facts, n slightly greater factor of safety to prevent over- 
topping will be recommended for vertical curve sections amd steep channels 
than was recommended for inlets. 

The recommended freeboard at any section in the vertical curve section 
is given in terms of an increased discharge Qf, and a, recommended height of 
sidewall 4 / j  times the depth of flow for the discharge Qfr derived by not 
considering air entrainment. The recommended sidewRll height at section Pi 
is 4 dc/3 where dc is the critical depth corresponding to the discharge Qfr. 
This recommendation gives a more positive assurance that the chute spillwzy 
will be ca,pable of conveying the discharge Qfr without splashing over the 
sidewall in the steep channel section. 

Capacity. In view of the possibility of small wzves, the capacity with- 
out freeboard qmv for 2ny section in the vertical curve section is defined 
as that discharge which has a depth of flow o f  314 of the sidewall height. 
The depth of flow is to be evaluated without air entrainment. 

The depth of flow at section M is assumed to be the critical depth of 
the disch8rge. Therefore, the capacity without freeboerd q d  at section M 
is the critical discharge corresponding to the depth j h;/4. The capacity 
without freeboard qf i  at the origin of the upper vertical curve is given by 
T ~ b l e  1, ES-88, page 2.125. The required ccpacity without freeboard for this 
section 1s Qfr. 

The effect of z change of width end a change of slope on dischnrge in 
steep channels is considered. Given two channels of different widths but 
having the same depth of flow d, at the same vertical drop y, below the con- 
trol section and of the same slope, the wider channel will have n slightly 
greater discharge g than the nsrrower channel. This can be verified by 
ES-78, page 2,143, for channels having the same slope but different widths. 
Given two channels of different slopes but of the same width and the szme 
depth of flow dl at the same vertical drop yl below the control section, the 
steeper channel will have a slightly greater discharge q than the fl~tter 
channel. This can be ascertained by consulting ES-78, page 2.143, for chzn- 
nels having the same width but different slopes. The error in taking the 
discharge q of any channel having a depth dl for a drop less than 10 ft, a 
width less than 30 ft, and a slope steeper than 10 to 1 as being equal to 
the discharge of a 4-ft channel laid on a 3 to I slope and having the same 
depth of flow and drop is minor. 

The capacity without freeboard q a  for section N at the downstream end 
of the vertical curve section having a vertical drop 3 i s  the same as the 
discharge q of a 4-foot-wide channel on a 3 to 1 slope when its depth of 
flow without air entrainment is 3 ~ / 4  at a. vertical drop 3below its control 
section. The values of q , ~  are tabulated in Table 2, ES-88, page 2.123. 

The capacity without freeboard q,,, of a vertical curve section is the 
lower value of q m ~  and q d  determined at the section M and N. Capacities 



for v e r t i c a l  curve sections having va.rious values of M, N, and 2 may be de- 
termined from Tables 3a and 3b, pages 2.125 and 2.126. The capacity without 
freeboard Q,,, for various widths W and dropsRis given by ES-88, pages 
2.127, 2.128, 2.129, 2.130, 2.131, 2.132, and 2.133. 

Value of2. The value of 3 i s  chosen as large as maximum joint spacing 
or value of the vertical drop from t h e  floor of the inlet to SAE outlet 
( I . ? . ,  F +-2) will permit. (see section on "Channels" for formula giving 
t h e  value of F . )  By choosing 3 i n  this manner, the minimum value of side 
height N is obtained. 
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Table 1  
Capaci t ies  st 

Sect ion  M 

Table 2 
:apor-ltles n t  Section N f o r  Yarlous Values of' 8 and N 

Table e ives  q 

Table jn  
Dimensions and Capaci t ies  

of Vertlcsl Curve Sect ions1 

'see  sheet 4, tab:@ jb, f o r  v e r t l  cal 
curve s e c t ~ o n s  u l t h  l a r g e r  dimens~uns 

FORMULAS 

Q ~ ,  = (1.20 + 0.003 Z )  Q= 

9&=$& 

qmN = discharge havlng a depth 
of 3/4 a; 
when W = 4 and y = h 
a5 shorn by water s u r f k  
p r o f ~ l e  u l thout  a i r  
entrainment for  3 t o  1 
510pe. 

DEFIIITION OF SYMBOLS 

M = height of sidewall a t  orAgin  of upper v e r t i c a l  curve i n  f t  
N = normal hexght of s i d e m l l  of channel t o  slope s o  I" f t  
W width of v e r t i c a l  curve s e c t i o n  i n  f t  
2 = v e r t i c a l  drop f ron c r e s t  of i n l e t  t o  f l o o r  of o u t l e t  in  f t  
R = length  of l e v e l  por t lon  of top  of s i d e v a l l  jn f t  
3 = v e r t i c a l  drop of v e r t i c a l  curve s e c t i o n  i n  f t  
sy = s lope  of f l o o r  of v e r t i c a l  cume sec t ion  i n  f t / f t  
s o  = slope of f l o o r  of channel i n  f t / f t  
e = tan-' so 
du = a c t u a l  deoth of flaw a t  o r i e i n  of v e r t i c a l  curre 1" f t  
iir; I depth of ilow without a i r  entrainment at beginning Of 

channel i n  f t  
d = depth of flow wlthout alr e n t r a l m e n t  i n  f t  
dC = c r i t i c a l  depth of flow i n  it 
xlr yI = coordinates of upper v e r t i c a l  cum* h e n n g  a slope of 

s., i n  f t  
xa ,  yp  = h a r l z a n t a l  and v e r t l c a l  lengths  of t h a t  portion of t h e  

f l o o r  of t h e  v e r t i c a l  curre s e c t ~ o n  hsvlng a  slope 
of s,, in  f t  

x?, y, = coordinates oT lower v e r t i c a l  curve having a s lope  of 
of s I n  f t  

x ,  y = c o a r d i k t e s  f o r  v e r t i c a l  curves i n  f t  
Q, = design discharge I n  c f s  
Q f r  = requl red  capaclty without freeboard i n  c f s  
QSY = Capacity of v e r t i c a l  curve sec t ion  with tile recommended 

freeboard i n  cfs - - ~ ~  - 

q f r  
required discharee r l t h o u t  freeboard per foot  width of 

chute in  c f s / f t  
q,, = capaci ty  of v e r t i c a l  curve sec t ion  wlth the  recommended 

freeboard i n  c f s / f t  
qmY = m"p"city of v e r t i c a l  curve sec t ion  without freeboard i n  

c f s / f t  
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;HUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Dimensions and Capacities of  Vertical Curve Sections for Chutes having 3 to I slope 

T;,b1.c 3b 
Dirncnsions and Capacities of V e r t i c a l  Curve ~ e c t i a d  

Y L T T r Y T  
- 

,?,= 8 ft. 

0 .  i313 22.8e1 G.7>?4 
11.6094 75.339 6.4401 
0.6431 23.813 6.3656 
0.6043 24.500 6.2964 
0.6454 23.787 6.3674 
0.6063 24 2.74 G.jrioo 
0.5703 24.773 6.2j60 
0.6003 24.247 6.3036 
0.5(?2 :?4.746 6.2394 
o.>jiK, ? > . ? > i  6.1799 
O.>ihl 24.719 6.2427 
0.5406 25.230 16.1872 
0.5097 2 5 . 7 2  : 6 . 1 % ~  
1~.749+ 25.202 ' 6.1865 
0.5115 25.7?4 16.1313 
0.b827 26.256 G . 0 0 ~  
0.5130 2,596 16.1 j41  -~ 

a =  6 st. 

e&i 1 -A-. - 

W =  3 rt. 

?,= 4 ft. 

See shcc t  3, table 3a, f a r  vcrtrcal c w c  w c t j o n 6  ' d i t h  smillicr d l m w s ~ n r :  

W i w  M .r 5.11 f t ,  thc v;~lue of  a; = 'r !a- 1 )  and y;, = 3 - 1; xl = f b ,  J ,  = 1.0 , r rc  t o  kc ur r r l  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Qmv . 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard. Q,, 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboortl, Om, 2= ?feet 
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REFERENCE I U. $. DEPARTMENT OF AGRICULTURE STANDARD OWG. NO. 

CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 

8 = 6 feet 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 
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Capacity without freeboard (Om,) in c f s  

Bottom width of vertical curve section ( W )  in feet 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 
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I CHUTE SPILLWAYS: V E R T I C A L  CURVE SECTIONS 
Coordinates of Upper and Lower Vertical Curves and Value of  s, 

The coordinates of the upper vertical curve 
are given by the equation: 

36y = 5 
Values of xl and yl for any channel slope so 
are given by the equations: 

X, = 188, 
Y, = 9 8 3  

Values of x l  and yl for channels having 
3 to 1 slope may be read from sheet 4. 

All dimensions are in feet. Values of x 
and yl may be read from Table )b, sheet 

SOLVING FOR I'ALUES OF x, y2 

Values of xp and yz for any chnnnel slope so are 
given by the equations: 1 The values x2 and y2 may be read from Sheet 

x, = [M + 2  - N sec(tan-'s,] - >Oso + 32s"  
4 for channels having j to 1 bottom slope. 

So XZ = 23.339 ft 

HEFER TO SHEETS 1, 3, AND 4 FOR DRAWINGS, DEFINITIONS, AND OTIER VALLmS.  

yZ = 8 + 16sV2 - 25s02 
Values of x2 and y2 for channels hiving 
5 to 1 slope may be read frau, sheet h .  

GENERAL FORMULAS 

The value of s,, for vertical curve sections terminating with any slope 
80  can be obtained by the solution of the quadratic equation: 

168, 8: + [M +3 - N sec(tan-'so) - 508~7 sv + s0(25s02 -8 )  = 0 

When a, is imaglnery then no lor.er vertical 
curve is required. 

L 

The coordinntes of the lower vertical curve 
may be obtained from sheets (S,l+;and IS, 
The coordinates of the lower vertical curve 
are given by the equation: 

EXAMPLE 

Given: Vertical curve section as shown by drawing on sheer 1 
w i t h  the following dimensions: M = 4.5, N = 2.0, 3 = e.0, 

so = 113. 

-: The Of the upper end lower Of 
the vertical curve section and the slope sv. 

Solution: Solving for the slope s V ;  The slope sv for verti- 
cal curve sections terminating with slope so = 1/3 can be 
read from Table 3b, sheet 4. sv = 0.2760. 

When sv is imaginary then M i 5.11 ft and no lower vertical 
curve is required and y, = 1 ft and x, L 6 ft. See sheet 1 

y = 0.018 + svx 
Values of x, and y, for any channel slope 
s, are glven by the equatjona: 

Values of x3 and y, for chnnnels having 
3 to 1 slope may be read from sheet 4 .  

Values of s, for channels having j to 1 
slope may be read from sheet 4 .  

REFERENCE 

and Table 3a, sheet J .  

LVINC FOR COORDINATtS OF UPPER VERTICAL CURVt' 

Tablb A 

III 
. - 

4 d 
\- 

% 

<.. 4 2 5 - 3.0 -a 
. * 7  L 

- 3.5 

INC FOR CO0RDINATt:S OF LOWER VF,RTICAL CURVL 

Table 8 T C  

Coordinates of 
lower vertical 
curve 

x'in ft. y in ft. 

0.50 0.140 

0.75 0.2 13 

.- ~- 
1.25 ,0.363 

All dimensions are ~n feet. Values of X, 
and y, may be read from Table jb, sheet 4 
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CHUTE SPILLWAYS: VERTICAL  CURVE SECTIONS 
Coordinates of Lower Vertical Curves and Value of a, 

Alignment chart solves formula 

y = 0.012 + s,x 

The values of x, and y3 are 
x3 = 50 (s  

0 - sv)  
y, = 25 ( s d  - s =)  v 
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CHUTE SPILLWAYS: V E R T I C A L  CURVE S E C T I O N S  
Coordinates of Lower Vert ical  Curves and Value of s,, 

Alignment chart solves formula 1 
y = 0.012 + svx 

The values of x, and y, are 

x3 = 50 (so - s V )  2.4  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS: Example 

Given: A design discharge, Q, = 320 cfs, i s  t o  be conveyed by a chute having a width, - 
W = 12 f t ,  and a 7 t o  1 slope. The v e r t i c a l  distance from the  c r e s t  of the i n l e t  
t o  the f loor  of the  SAF out le t  i.s Z = 33 ft. The i n l e t  w i l l  require no freeboard 
f o r  waves. 

Determine: I. The recomnlendrd required capacity of the chute: ( f) Qfr; ( i i )  qfr 
2. The required dimensions of t h e  v e r t i c a l  curve sect lon having a 

ver t i ca l  drop of 2 - 8 f t  
3. The capacity of the vertical.  curve section: ( i )  Qsv; ( i i )  qSV 
4. The c r i t i c a l  depth of flow, d,, corresponding t o  t h e  discharge, Qfr 
5. The depth o r  flow without a i r  entrainment a t  section N f o r  t h e  d i s -  

charges: ( i )  Qfr; ( i i )  Qsv 

Solution: 1. The recommended required capacity of the chute i s  

2. (a) Read on sheet 6, f o r  3 = 8 St,  a t  W - 12 f t  and Qfr = 415.68 c f s  
the required dimensions 

M 1 4 . > 0 f t  andN=Z! .OOft  

a s  thc djlnensions which are capable of conveying 415.68 c fs  

(b)  Tiis determination can a l so  be mad.e by reading from tab le  3b, sheet 
4, f o r  2-=.  8 f t  and a q - 34.63 c f s / f t .  For M: 4.50 Y t  and 
N s 2 .OO f t ,  bv = 3 3 . d  c i s / f t  which i s  greater  than the required 
c a ~ a c i t y  qfr = jk .63 ci 's/ft .  The dimensions x,, y,, x:?, y2, xg, y3, 
a d  s v  may be read from t h i s  same tab le .  The coordinates, x and y, 
of' the v e r t i c a l  curves may be determined as  shown by sheets 12, lj, 
lh, and 15. 

3. The capacity of the v e r t i c a l  curve section i s  civen by the equation 

4. The critica.1. depth of flow may be read from ES-24 of the  Engineering Hand- 
book, Hydraulics, Sectlon 5. When Q = 415.68 c f s  o r  q = 34.65 c f s / f t ,  
read dc = 7-36 f t  on l i n e  7./b = 0 .  The actual. depth of flow a t  the  o r ig jn  
of the uppcr v e r t i c a l  curvr having a discharge of 415.68 c f s  i s  l e s s  than 
dc or 3.36 f t  and greater  than 0.715 d, o r  (0.715)(3.36) = 2.40 ft. The 
ac tua l  depth of flow i s  dependent on the approach conditions and t h e  upper 
v e r t i c a l  curve and n closer  evaluation of i t s  v a l u e  i s  not proposed. 

5. The depth of flow without a i r  entrainment may be read from ES-78 
( i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 ft  

read on sheet 11 (W = 10)  and sheet 13 (W = 1 5 )  a t  q = 34.63 
c f s / f t  and y = 8 ft 

( w  = l o )  d = 1.283 f t  
( w = 1 5 )  a = l . e 8 0 f t  

The depth of flow without a i r  entrainment a t  sect ion N fo r  the  
discharge Qf, = 415.68 c f s  i s  

( i i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 f t  
read on sheet 11 ( W  = 10)  and sheet I 3  (W = 15) a t  q = 27.06 
c f s / f t  and y = 8 f t  

The depth of flow without ai.r  entrainment at, sect ion N f o r  the  
discharge Qsv = 324.7 cfs  i s  

d = 1.027 rt 
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Function of Channels. (See ES-78, page 2.143, for nomenclature.) The 
function of the channel is to convey md guide all discharges equal to or 
less than the design discharge to a lower elevation without erosion. 

Freeboard. Freeboerd of the steep channel is defined in the same man- 
ner as for the vertical curve sections at section N. (See page 2.121.) 

Air Entrainment. Depths of flow will be evaluated for water-air admix- 
tures because of air entrainment. When Plow in a steep chute is allowed to 
accelerate over a sufficient distance, air is mixed with the water and "air 
entrainment" results. This phenomenon is also known as "white water," "air 
bulking, " "bulking of water, " or "self -a,eration . 'I It can be observed also 
in waterfalls and swift streams. A water surface in the usual sense does 
not exist, especially at the higher velocities, for there is considerzble 
spray or small droplets through the upper portion of flow. Because of tilts 
condition, the definition of water surface is somewhat arbitrary. The foamy 
admixture does not extend to the lower 
channel, except on very long and steep 
and pester). (see Fig. 8.) 

portion of the flow, or bottom of the 
slopes (slopes of the order of 4 to 1 

Mostly air; some drops of water. 
Air-water admixture. - - - - - - - 
Mostly water;  some bubbles of air. ----- 

Schematic Drawing Showing Distribution of 
Air and Water in Air-water Admixture 

The air entrainment for good inlet-flow conditions normally starts along 
the sidewalls of the steep channel and progresses obliquely towards the axis 
of the chute. In wide chutes, air entrainment tends to begin across the en- 
tire section. The mechanics of air entrainment is a continuing process of 
entrainment and release of' a.ir. Velocity, the distance traveled, and the 
roughness of the channel are factors which contribute to the development of 
this phenomenon. Air entrainment is reduced when cross section and volume of 
flow are increased while other factors are held constamt. The initial en- 
trainment of air depends on entrance conditions. If excessive turbulence 
exists nt the entrance of the vertical curve section, entrained air will occur 
throughout the length of the channel of the chute. If good inlet conditions 
exist, air entrainment will not occur for some distance downstream. 



Only scanty information on air entrainment is available to the design 
engineer. D. B. ~umensk~l sta,tes that fair results are obtained in de- 
termining ~ctual velocities v of flow in a steep, open channel by using a 
roughness coefficient of n = 0.008 for concrete in the varied-flow eq.ua.tion. 
This value of n is smaller than thet used for concrete channels of flat 
slopes because the air-water admixture appears to have lower friction loss 
and the values of n = 0.012 to 0.015 do not 2,ppezr to apply for the higher 
velocities of flow. The effect of evaluating n too small is to cause the 
determined depth of flow to be small and the velocity to be high. This re- 
sults in an under-design of the required height of the channel walls and an 
over-design of the outlet. Conversely, the evaluation of a"n n too large 
causes an over-design of the chmnel wall height and under-design of the out- 
let. A fictitious depth of flow d is obtained by the formula. 

where $ = actual discharge of w2"ter in cfs 
v = actual velocity of admixture of air and water in ft/sec 
d = fictitious depth of flow, or 

= eq-uivalent depth of flow of air-water admixture without 
the air in ft 

This fictitious depth of flow 13 is the depth of water without eir en- 
trainment. The grobable maximum amount of air entrainment for the discharge 
$ and actual velocity v is given by 

volume of air in air-water admixture where m = 
volwne of water in zir-water admixture 

v = actual velocity of water in ft/sec 
g = acceleration due to gravity--32.16 ft/sec2 

The actual depth of flow da of the air-water admixture is 

where p = volume of air-water admixture per cubic foot of water in ft3 

The theory of water-surface profiles for flat-grade channels as found 
in the Engineering Handbook, Section 5, Hydraulics, Supplement A, should not 
be used for steep slopes. Flow on steep grades presents a distinctly differ- 
ent problem from flow on flat grades and should be so treated. The major 
rkasons the theory of open-channel flow on steep sloped channels is dif- 
ferent from that on flat-graae channels are: 

'~umensk~, D. B., Air Entrained in Fast Water Affects Design of Train- 
ing Walls and Stilling Basins, Civil Engineering, page 35, Dec. 1949. 



a. In the theory of flow on flat-grade channels, the assump- 
tion is made that the pressure below the surface is the product of the 
density and vertical depth. Actually, the pressure is a function of the 
slope as well. 

b. The depth of flow for channels of flat slopes is taken to 
be the vertical depth of flow. The depth of flow for steep channels is 
perpendicular to the bottom slope. 

c. Depths of flow in steep sloped channels need to be evalua- 
ted for water-air admixture because of air entrainment. 

d. It is assumed that the water surface in the steep channel 
has a level surface in cross section. Particular attention needs to be 
given to whether or not this assumption is valid--that is, no standing 
waves are present--whenever the modified differential equation of varied 
flow for steep channels is used to evaluate water-surface profiles. 

e. The assumption is tacitly made that the horizontal length 
of a flat-grade channel is equal to its true length. Channels of steep 
grades invalidate this assumption. 

Water-surface profiles for accelerated supercritical flow in rec- 
tangular channels having a slope of 3 to 1 are given by ES-78, page 2.148 
to 2.3-57. The probable maximum air entrainment p is also given in these 
drawings. Similar diagrams for channels having 4 to 1 and 10 to 1 slopes 
are given by ES-78, pages 2.158 to 2.177. 

ES-147 gives water-surface profiles for 100 foot wide rectangular chan- 
nels with slopes of 3 to 1, 4 to 1, and 10 to 1, pages 2.178 through 
2.183. Since the influence of sidewall friction decreases with width, 
these drawings may be used with sufficient accuracy for all widths 
greater than about 50 feet. 

Capacity. Since the actual depth of flow of the air-water admixture 
da in steep channels decreases only slightly for low discharges q after a 
vertical drop of 8 ft, the capacity without freeboard qmc of the channel 
is taken as the capacity without freeboard qmN of the vertical-curve sec- 
tion at section N. The capacity without freeboard qmc for channels can 
be read from the table on page 2.186 of ES-84. The capacity without free- 
board Qmc may be read from ES-84, page 2.187. 





having o 3 io I  s lope  ond W =  0 ft. 

Values of d and p are read f rom 
sheet l l  



CHUTE SPILLWAYS:  WATER - S U R F A C E  P R O F I L E S  ; 
Definition of symbols. 

D E F I N I T I O N  OF SlIMBOLS 

= Fictitious depth of flow, assuming no air entrainment, in a chan- 
nel of slope as designated by the charts at a section located 
such that its bottom is a vertical distance of y ft below the 
bottom of the section at which critical depth occurs in ft 

= Actual depth of flow normal to channel bottom in the section at 
which d is evaluated in ft 

= Critical depth corresponding to the discharge Q in ft 
= Vertical drop from the bottom of the control section (at which 

critical depth occurs) to the channel bottom at the section 
where d is evaluated when the channel bottom has a slope as 
designated by the charts in ft 

= Horizontal distance of a channel having a bottom of slope as 
designated by the charts from the control section to the sec- 
tion at which d is evaluated in ft 

= Width of steep channel in ft 
= Volume of air-water admixture per cubic foot of water in ft3 
= Actual velocity of water in channel of slope as designated by the 

charts at the section where d is evaluated in ft/sec 
= Acceleration due to gravity--32.2 ft/sec2 
= Discharge for which water-surface profile is determined in c-fs 

Qc,d = critical discharge corresponding to the depth d in cfs 
Qn,d = Normal discharge corresponding to the depth d in cfs. Qn,d is 

1.486 ar2/3 1/2 evaluated by the formula Qn, d = - 
n 0 

= Discharge per foot width for which water-surface profile is de- 
termined in cfs/ft 

= Angle the channel bottom makes with a horizontal plane = tanmlso 
= Slope of bottom of channel in ft/ft 
= Manning's coefficient of roughness 
= Channel area corresponding to the depth d in ft2 
= Hydraulic radius corresponding to the depth d in ft 

I DATE 1-20-55 - 

REFERENCE 
U. S. DEPARTMENT OF AGRICWLlUE 
SOIL CONSERVATION SERVICE 

ENGMEERING DMSION- DESIGN SECTION 

STANDARD DWG. NO. 

ES- 78 
SHEET 2 OF 35 



-- -- I CHUTE SPILLWAYS : WATER S U R F A C E  PROFILES ; Formulas. 

FOWLLAS AND VALUES 

Differential equation of varied flow for flow on steep slo$es 

So dx -- 
cos 0 dd 

Actual velocity of flow in channel 

Actual depth of flow is 

The air entrainment 
. -2 * 

The value of the roughness coefficient used in computing the water-surface profiles as given by 
sheets 6 to 35 is 

The depth of flow at the control section is assumed to be the critical depth dc corresponding to 
the discharge Q when Water-surface profiles are evaluated. The actual depth of flow at the con- 
trol section is dc when the slope of the channel immediately downstream from the control section 
is critical sc and can approach 0.713dc as the slope of the channel immediately downstream ap- 
proaches a fully aerated free overfall. The actual depth of flow at the control section d, has a 
value in the closed interval 0.715dc _< da 5 dc if no negative bed pressures exist in the reach 
immediately downstream from the control section. If negative bed pressures do exist the actual 
depth of flow at the control section may be greater or less than 0.715dc. The critical depth is 
used for evaluating water-surface profiles rather than any actual depth because of the curvilinear 
movement which exists at the control section. This curvilinear movement represents energy which 
is partially recoverable, either as depth of flow or kinetic energy, at a short distance down- 
stream from the control section, probably within the distance of x _< 2dc. Since no evaluation 
of curvilinear movement has been made in the derivation of the differential equation, the energy 
head of the actual depth of flow and of the curvilinear movement is taken to be dc at the con- 
trol section. It is because of this curvilinear movement that no attempt is made to define 
water-surface profiles for vertical drops less than one foot (y < 1.0 ft). Furthermore, for the 
high values of q's shown by the diagrams, the corresponding d's are undoubtedly greater than the 
true depth of flow when the value of y is small. The derivation of the differential equation is 
based on the assumptions that uniform velocities and discharges occur at all cross sections; i.e., 
no standing waves occur. Corrections have been made in the derivation to measure depth of flow 
perpendicular to the slope and to account for the effect of the steep slope on the hydrostatic 
head. These diagrams are to be used for accelerated supercritical flows in rectangular 
channels having the designated slope. Interpolated values for other widths and slopes than those 
shown can generally be used. Values of y or d may be evaluated by extrapolation when so is in 
the interval 0.333 < so _< 0.5. 

jt Gumensky, D. B., Air Entrained in Fast Water Affects Design of Training Walls and Stilling 
Basins, Civil Engineering, p. 35, December 1943. 
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CHUTE SPILLWAYS : WATER SURFACE PROFILES; Examples 

(cont inuat ion from Sheet 4) 

A.2. The in te rpo la ted  value of y  f o r  width W = 20 f t  and slope 4 t o  1 i s  s i m i l a r l y  
obtained. 

2a. From sheet  23 ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 ft 
read t h e  value 

Y A ~ ~  = 23.0 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 f t  
read t h e  value 

y u b  = 22.7 ft 

2c. The in te rpo la ted  value of YASc f o r  w = 20 f t  and so  = 0.25 a t  q = 40 c f s / f t  and 
d  = 1.0  f t  i s  

A.3. The in te rpo la ted  value of y, f o r  W = 20 f t  and slope 3.5 t o  1 a t  q = 40 c f s / f t  
and d  = 1.0 f t  i s  

B. When widths W of channels a r e  t o  be considered f o r  which no char t  value i s  given, in -  
t e rpo la ted  values of d  may be used f o r  a  given slope. 

B . l .  The in te rpo la ted  value of d f o r  width W = 20 f t  and s lope 3 t o  1 i s  obtained i n  
t h e  following manner. 

l a .  From sheet 1 3  ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 18 + yl 
= 40.6 f t  read t h e  value 

dgla = 0.805 f t  

b From sheet  15 ( W  = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 ft 
read the  value 

dBlb = 0.800 f t  

l c .  The in te rpo la ted  value of d f o r  W = 20 f t  and so  = 0.3333 a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  

B.2. The in te rpo la ted  value of d  f o r  width W = 20 f t  and slope 4 t o  1 i s  s imi la r ly  
obtained. 

2a. From sheet 23 (W = 1 5  f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 f t  
read t h e  value 

dB2, = 0 ~826 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 40.6 f t  
read t h e  value 

dBPb = O .818 f  t 

2c. The in te rpo la ted  value of dggc f o r  W = 20 f t  and s o  = 0.25 a t  q = 40 c f s / f t  and 
y2 = 40.6 f t  is  

B.3. The in te rpo la ted  value of d, f o r  W = 20 f t  a n t  slope 3.5 t o  I a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  
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I DATE LA*%. 

CHUTE SFILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 

- I  - . . .  

W =  feet 
9 = 45 t o  90 
S o =  3 :  1 
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CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 
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CHUTE SPILLWAYS: WATER -SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 

I DATE I 1 4  3s- 

W =  6 feet 
9 = 45 to  90 
so= 3 :  1 

- I  - . . .  
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CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical f low. 
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CHUTE SPILL'JVAYS: WATER- SURFACE PROFILES FOR W y  lo fee t  
9 = 45 t o  90 

RECTANGULAR SECTIONS; Accelerated supercritical flow. so=  3 :  1 

In 2 In 
h L C  

0 In 0 LO- 
W LO 0 * 

.11 / . s . L . ~  U I  'h 10 anlnh 
' 2 ,  , . - 7 -  - .  I - I  \ 
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q = U TO 43 

RECTANGULAR SECTIONS: Accelerated supercritical flow. I so= 3 : 1 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 

l 5  fee t  
9 = 45 t o  90 
so= 3 :  1 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercrit ical f low. 
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so = 3 : 1 
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CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR W-' " feet 
q = 0 to  45 

RECTANGULAR SECTIONS; Accelerated supercritical f low. SO = 3 : 1 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS: Accelerated supercritical flow. 
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CHUTE SPILLWAYS: WATER-SURFACE P R O F I L E S  FOR w =  3O feet 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
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w =  15 feet 
9 = 45 t o  90 
so= lo : I 

. - ,  , . ., 

REFERENCE 
This diagram was developed by Paul D. Doubt of the Design Section 

U. S. DEPARTMENT OF AGRICULTURF 
SOIL CONSERVATION SERVICE 

STANDARD DWG. NC 

ES - 78 



w = Ic: $a, 
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I CHUTE SPILLWAYS: CHANNELS 
Layout  

ISOMETRIC VIEW 

Numerical values shown 
are suggested minimums. 

I 1 DATE April 1954 
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CHUTE SPILLWAYS: CHANNELS; Definition of symbols 
and Formulas 

Capacities of 
Channel Sections 

4.00 

"Values of qngt are for values of 3 = 8 ft 
values of ;4 see table 2, ES-88. 
tValues are for channels of 3 to 1 slope. 

DEFINITION OF SYMBOLS 

= Height ndrmal to slope so of side- 
wall of channel in ft 

= Vertical drop from crest of inlet 
to floor of outlet in ft 

- Vertical distance from crest of 
mlet to top of floor at en- 
trance of vertical curve section 
in ft. T1,is is zero for straight 
inlets 

: Vertical distance from upstream end 
to downstream end of channel 
in ft 

= Height of sidewalls of SAF above 
floor in ft 

= Vertical drop of vertical curve 
section in ft 

= Width of vertical curve section 
in ft 

= Number of channel sections required 
= ~an-l so 
= Slope of floor of channel in ft/ft 
= Design discharge in cfs 

For other 

FORMULAS 

F = Z + N c o s e - ( J + & + D )  

- (1.20 + 0.003 z) Q~ Qfr - 

9m = qmc 

9fr = Required capacity without freeboard 
in cfs 

qmC = Capacity per foot width of channel 
without freeboard in cfs/ft 

I ENGINEERING DIVISION - DESIGN SECTION I SHEET 2 OF 4 
DATE March 1954 

Revised lo/ 77 

STANDARD DWG. NO. 

E S - 8 4 
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CHUTE SPILLWAYS: CHANNELS; Capacities Without Freeboard. 
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CHUTE SPILLWAY: CHANNEL: Example 
. .- -. . . . 

EXAMPLE 

Given: A chute of width, W = 10 f t ,  has a design dischargr ,  Qr = 360 cfs, and a 7 t o  1 slope.  The chute - 
has a v e r t i c a l  drop from the  c r e s t  of t h c  s t r a i g h t  i n l e t  t o  the  f l o o r  of the  o u t l e t  of Z = 47 f t .  Tne 
v e r t i c a l  curve sec t ion  has a v e r t i c a l  b o p  of 3 = 8 f t  and the  SAF c u t l e t  has t h e  dimension J = 15 f z .  
The i n l e t  w i l l  r equ i re  no freeboard a s  a r e s u l t  of waves. 

Determine: 1. The recommended required capaci ty of the  chute: ( i )  Qfr; ( i l )  qfr 
2 .  The required height of ti$.- s idewalls ,  N ,  of t h e  channel 
3.  The v e r t i c a l  drop, F, r e q d r e d  f o r  t h e  channel 
4.  The number of j o i n t s  i n  t h e  channel i f  they a r e  spaced l e s s  than o r  e q u ~ l  t o  9.5 f t  

( v e r t i c a l l y )  a p a r t  
5 .  The ve loc i ty  and depth o f  flow with a i r  en.trai.nmant and without a i r  entrainment a t  the  end 

of the  channel s e c t i o n  f o r  t h e  discharge Qfr 

Solut ion:  1. The recommended required capaci ty of t h e  chute is  

'ci) gfr = (1.20 + 0.003 z )  Q~ 

Qfr  = p . ? 0  + 0.003 (47)] 380 

Q~~ = 509.6 c f s  

2 .  ( a )  The required height  of the  s idewalls  of t h e  channel mav be read f r o m  t h e  t a b l e  On 
shee t  2 a s  

N = 2.50 f t  

(b) The required height  of t h e  s idewalls  of t h e  channel may a l s o  be read on sheet  5 a t  the  
jn te r sec t ion  of Q f r  = 309.6 c f s  and W = 10 f t  a s  

N = 2.50 f t  

3.  The vertical drop of the  charnel  i s  given by t h e  formula ( D  = 0 )  

F - z + N cos a - ( J  + a )  
F = 47 + 2.57 - (15 + 8) 

F = 26.37 f t  

Values of N cos e when e = tan-' 0.33333 a r e  given in t h e  t a b l e  on shce t  2.  

Three j0lnt.s a r e  r equ i red .  

5 .  The downstream end of t h e  channel i s  loca ted  a v e r t i c a l  d i s t ance  o f & +  F o r  
8 + 26.37 = 34.37 f t  below the  f l o o r  of the  i n l e t .  Read on ES-78 the  i n t e r s e c t i o n  of 
q = 50,96 cfs and y = 5k.j.i  f t  t h e  values 

d - 1 . 6 6  f t  

P = 1.33 

The veloci ty,  v, of the  air-water  admixture i s  

The depth of water without a i r  entrainment i s  

The depth of a i r -wa te r  admixture, rl,, i s  

aa = p d - ( l . j j ) ( 1 . 0 6 6 ]  = 1.42 f t  

- - . . - 
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The criteria for the dimensions of the SAF outlet were developed by 
Fred W .  lai is dell', Hydraulic Engineer, SCS, St. Anthony Falls Hydraulic 
Laboratory. These criteria are given as design formulas in ES-73, page 
2.193, and ES-86, page 2.198. (see ES-'73, page 2.193, for nomenclature. ) 

Function of SAF Outlet. The function of the SAF outlet is to convert, 
for all discharges equal to or less than the design discharge, supercritical 
velocities to subcritical velocities in a manner which will be nonerosive in 
erosible channels. Obviously, certain criteria will be required of the chan- 
nels downstream from the outlet for its proper functioning. These require- 
ments will be presented later. 

Freeboard. The SAF outlet functions well for all discharges less than 
its capacity without freeboard. It will generally function quite well for 
greater discharges for short periods of flw. The freeboard reconrmended for 
SAF outlets is expressed in terms of the increased discharge fr. (see Eq. 
2.1, page 2.7.) The recommended required capacity of the SAF outlet without 
freeboard is Qf, as defined by Eq. 2.2, page 2.7. 

Hydraulic Criteria. The criteria for the SAF outlet are eqressed by a 
graph having the coordinates vl and d,. (See ES-73.) These criteria are 
applicable for a range of Froude's numbers from 3 to 300. The coordinate dl 
(entrance depth) is the fictitious depth of flow d as given by ES-78 and 
ES-86. As given by ES-78, the value of y is the vertical distance between 
the floors of the inlet and outlet of a chute spillway having a 3 to 1 slope. 
The depth of d, for chutes having bottom slopes other than 3 to 1, 4 to 1, 
and 10 to 1 m y  be calculated by the general differential equation given in 
ES-78, page 2.145 or interpolated using the diagrams of ES-78. The effect 
of air entrainment can be neglected in the design of SAF outlet. The coor- 
dinate vl is the entrance velocity as determined by ES-78 and the equation 

Knowing dl and vl make it possible to determine $ and J from sheet 2 of 
ES-73. For Froudets numbers less than 20, the crest of the boil occurs in 
the stilling basin. For higher Froude's numbers, the crest occurs downstream 
from the endsill. The height J of the stilling basin sidewalls is sufficient 
to keep most splash in the basin. This height is not excessive in most cases 

The wingwalls can be used as retaining walls for earth. Their prime 
function, however, is to prevent eddies along each side of the downstream 
channel which would cause excessive scour. Wingwalls can be set parallel or 
perpendicular to the sidewalls if necessary, but the 45O angle with the chute 
axis is the preferred location in terms of hydraulic functioning. 

Knowing d, and vl make it possible to determine the dimensions of the 
endsill s and the required tailwater height $. The endsill is used to 

'~laisdell, Fred W., Development and Hydraulic Design, Saint Anthony 
Falls Stilling Basin, Trans. ASCE, Vol. 113, p. 483, 1948. 



d e f l e c t  t h e  bottom c u r r e n t s  i n  t h e  f l o o r  of t h e  bas in  upward and o f f  of t h e  
s t ream 'bed. It i s  a l s o  used t o  defl-ect t h e  bottom c u r r e n t s  of t h e  r o l l e r ,  
which a r e  i n  an ugs t reLm d i r e c t i o n ,  upward. This r o l l e r  b r ings  bed m a t e r i a l  
from downstream and. depos i t s  it agarinst t h e  e n d s i l l .  Because of t h i s ,  a toe -  
w a l l  of only nominal depth i s  r equ i r ed .  The c r i . t e r i o n  of t a i l w a t e r  depth d; 
i s  a  minimum requirement f o r  t h e  SRF out,.let t o  funct,ion proper ly .  When t h e  
t a i l w a t e r  depth i s  t o o  low, t h e  r o l l e r  i s  forced  away from t h e  e n d s i l l  of 
t h e  o u t l e t .  When t,he t a i l w a t e r  i s  t o o  g rea t ,  the t a i l w a t e r  w i l l  flow i n  an 
eddy xpstream along t h e  sidewal..ls t o  r e - en te r  .the s t i l l i n g  bas in  and t h e  out-  
l e t  w i l l  not  func t ion  proper ly .  For those  s i t u a t i o n s  i n  which t h e  tailwa-ter 
can f l u c t u a t e  i n  depth f o r  a  d i scharge  equal  t o  t h e  requi-red capac i ty  without  
f reeboard,  t h e  minimum t a i l w s t e r  depth w i l l  determine t h e  e l e v a t i o n  of t h e  
e n d s i l l .  (See below. The stdewtill  he ight  J should. be Increased  i n  amount 
equal  t o  t h e  d i f f e r e n c e  between t h e  l ~ ! a x i l n ~  and minimum t a i l w a t e r  depths 
which may be  expected f o r  a  discha.rge equ.al t o  t h e  r equ i r ed  capac l ty  with-  
out f reeboard .  The SLW o u t l e t  w i l l  ope ra t e  s a t i s f a c t o r i l y  f o r  g r e a t e r  t a i l -  
water  depths t han  t h e  d; provided t k ~ e  s idewa l l  height,s a r e  s u f f i c i e n t l y  
g r e a t  t o  prevent  re -en t rance  of the  t s i l w a t e r  over t h e  t o p  of t h e  s idewa l l s  
i n t o  t h e  b a s i n .  The t a i l w a t e r  e l e v a t i o n  a t  the e n d s i l l  car, be  determined by 
computing t h e  water-sur:faee p r o f i l e  f  rorn a poin t  s u f f i c i e n t l y  f a r  downstream 
from t h e  e n d s i l l  f o r  a discha.r@e eq.ua.1 t o  the discharge Qfr. (See Engineer- 
ing  Handbook, Sec t ion  5 ,  Hydraul ics .  ) The flow i n  t h i s  reg ion  i s  s u b c r i t i c a l ;  
t he re fo re ,  t hese  c a l c u l a t i o n s  a r e  made i n  an upstream d i r e c t i o n .  The SAF 
o u t l e t  w i l l  no t  prevec t  e ros ion  in, t h e  channel downstream from t h e  SAF i f  t h e  
channel i s  scouring.  When a scouring condi t ion  e x i s t s ,  it should be r e a l i z e d  
t h a t  t h e  ta i lwa . te r  e l e v a t i o n  w i l l  be lowered a f t e r  a pe r iod  of t ime because 
t h e  channel bottom i s  lowered as a r e s u l t  of e ros ion .  Scouring can be con- 
t r o l l e d  by a g rad ien t  c o n t r o l  s t r u c t u r e  downstream from t h e  SAF o u t l e t .  The 
minimum requ i r ed  t a i l w a t e r  e l e v a t i o n  i n  terms of depth above t h e  SAF f l o o r  
can be a t t a i n e d  i n  one of two ways: 

1. Proper determinat ion of t h e  e l eva t ion  of t h e  SAF o u t l e t  f l o o r  
wi th  r e spec t  t o  the norierosive channel bottom. 

2 .  Construct ion of a, s t ruc tu . r e  down.strea.mn from t h e  SAF o u t l e t  t o  
f i x  t h e  t a i l w a t e r  e l e v a t i o n ,  

The c r - i t e r i a  f o r  chute  and f l o o r  blocks and t h e i r  placement a r e  given 
on shee t  1 of ES-75. P i t t m g  of concre te  due t o  c a v i t a t i o n  w i l l  occur a t  
t h e  f l o o r  and chute b locks  when t h e  e n t r ~ n c e  v e l o c i t y  vl i s  greaLer than  
65 f t / s ec . '  When such a condi t ion  occurs,  t hese  blocks can be designed of 
a shape t o  e l imina te  c a v i t a t i o n ,  The purpose of t h e s e  blocks i s  t o  remove 
energy from t h e  water  and he lp  c r e a t e  turbulence  t o  e f f e c t i v e l y  cause energy 
d i s s i p a t i o n .  

The bas in  having d iverg ing  s idewa l l s  appears t o  be s l i g h t l y  more e f f e t -  
t i v e  t han  t h e  b a s i n  wi th  p a r a l l e l  s idewa l l s .  

A l l  odd dimensions r ead  from ES-73 shoulci be increased  t o  t h e  next  even 
number t o  s imp l i fy  construct i .on.  

'~homas, 11. A,, and Hoplrins, C a v i t t ~ t i o n  on Baf f l e  P i e r s ,  Proceedings 
of -:he Second Hydraulic Conference, Iowa, June 1942. 



ES-86, page 2.202, g ives  the  capacity without freeboard b, of  SAF out-  
lets f o r  various values of dl, J, and LB. For a given required capaci ty  
without freeboard, a seudy of ES-78 and ES-86 w i l l  show an increase i n  the  
width of the chute w i l l .  decrease bo, dl, J, and LB. The corresponding 
values f o r  required t a i lwa te r  depth d$ md height of e n d s i l l  s i s  given on 
page 2.203. These values are a l so  l i s t e d  i n  tabular  form on pages 2.199 t o  
2.201. 





I HYDRAULIC DESIGN CRITERIA AND CHARTS FOR SAF STILLING BASlN 

DETAILS OF LAYOUT FOR FLOOR AND CHUTE B L O C S  

I .  HEIGHT OF FLOOR AND CHUTE BLOCKS IS dl 

2. WlDTH AND SPACING OF FLOOR AND CHUTE BLOCKS 
APPROXIMATELY 3d' 

4 

. - - - - - - - 3. NO FLOOR BLOCK SHOULD BE PLACED CLOSER TO 

RECTANGULAR S T I L L I N G  B A S I N  SIDEWALL THAN 3d 
(HALF-PLAN) mn 

8 
t 4 .  FLOOR BLOCKS OCCUPY BETWEEN 4 0  AND 55 PERCENT 
t- 3 OF S T I L L I N G  BASIN WIDTH AT BLOCKS 

5.  CHUTE BLOCKS TO B E  STAGGERED WITH FLOOR BLOCKS 
h 

sw n 4.1 6. A PORTION OF A CHUTE BLOCK OR A WHOLE CHUTE BLOCK 

\ I MAY BE ADJACENT TO A S IDEWALL 

7. SPACE BETWEEN SIDEWALL AND FIRST CHUTE BLOCK 
IS NOT TO BE GREATER THAN APPROXIMATELY ?.!?!L 

4 
8. BLOCKS ARE TO BE SYMMETRICAL ABOUT STILLING BASIN 

T R A P E Z O I D A L  S T I L L I N G  CENTER LINE 

B A S I N  (HALF- PLAN) 

- -- 

CHUTE BLOCKSA'.'.'.' . "V ..: '7 ' : 
FLOOR OF BASIN 

S E C T I O N  A L O N G  C E N T E R  L I N E  

DESIGN FORMULAS 

3 5  F; 5 300 

DEFINITION OF SYMBOLS 

F; = FROUDE'S NUMBERS& (D~MENSIONLESS NUMBER) 
S d, 

v ,  = ENTRANCE VELOCITY OF WATER TO S A F  STILLING BASlN - F T  /SEC. 

d, = ENTRANCE DEPTH OF WATER TO S A F  S T I L L I N G  B A S I N -  F E E T  

L8= LENGTH OF S A F  STILL ING B A S I N -  FEET 

J = HEIGHT OF SIDEWALLS OF S A F  S T I L L I N G  BASIN-  F E E T  

s = HEIGHT OF TRANSVERSE END S I L L  OF $ A F  S T I L L I N G  BASIN-FEET 

dd = REQUIRED HEIGHT OF TAILWATER OVER S A F  S T I L L I N G  B A S l N  -FEET 

dz = SEQUENT DEPTH OF FLOW TO DEPTH dl - FEET 

g = ACCELERATION DUE TO GRAVITY - 32 16 FT./sEc.' 

W, = WlDTH OF SAF STILLING BASlN AT DOWNSTREAM END OF CHUTE BLOCKS-FEET 

W2 = WlDTH OFSAF STILLING BASIN AT UPSTREAM END OF FLOOR BLOCKS-FEET 

W3 = WlDTH OF S A F  S T I L L I N G  BASlN AT DOWNSTREAM END- FEET 

Z = DIVERGENCE OF SIDEWALL ( R A T I O )  
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HY DRAULlC DESIGN CRITERIA AND CHARTS 
FOR SAF STILLING BASIN 
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The General Layout  Drawing 

Numerical  va lues  shown 
a r e  suggested minimums. 

4 
ALTERNATE JOINT DETAIL HALF-PLAN 

LJ 

ISOMETRIC VIEW 

REFERENCE: 

Revised: 11-1-54 

NOTE - 
Hydraulic C r i t e r i a  and Formulas are  given 

b y  ES-73, or by sheets 2,6, and 7 o f  t h i s  
drowing. 

C a ~ a c i t i e s  for t h i s  s t r u c t u r e  a re  given on  
sheets 2 througn 7 of t h i s  drawing. 

The backfill will be l imited t o  one o f  the following 
heights, whichever is least :  

I .  Top o f  sidewall and wingwall. 
2. 3d ;  above the floor o f  t he  basin. 
3. 5 f e e t  above the f l o o r  o f  t he  basin. 
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ENGINEERING DIVISION- DESIGN SECTION SHEET I OF SHEETS 

DATE 3-30-54 

Revised 



I CHUTE SPILLWAYS: SAF OUTLETS; 
Definition o f  symbols and Formulas 

v 
F, = Froude ' s  r i m L c r  1 at eritr:>ncc of  SAF bas113 (d imens ion les s  numbcr)  

~ 6 ,  
J = Height of s:idewnlls oi' SAF :ibovc f l o o r  i n  ft 
Lg = Length of SAF b a s i n  (incLudi.ng end sill) i n  f't 

dl = Height of f l o o r  m d  chu te  b l o c k s  a.bove fl.oor of SAF b a s i n  i n  f t  
dl Entrance  d e p t i ~  of  wa te r  wi thout  a i r  t o  SAF basin in f t  
s = Hei{:ht o f  t r a n s v e r s e  end sill above f l o o r  of S M  b a s i n  i n  inches  

d; = Required h e i g h t  of t a i l w x t e r  above f l o o r  of  SAF bas  i n  i n  f t  
d2 = Sequent depth  of f low t o  depth  d, i n  f t  
v, - Eritrancc v e l o c i t y  o f  wa te r  t o  SAF bnsin i n  f t / n e c  
W = Width of  SAF o u t l e t  i n  f t  

4, = Design discharge in c f s  

Q f r  = Recommended r equ i red  c a p a c i t y  wi thou t  f r e e b o a r d  of SAF o u t l e t  i n  c f s  
Qmo = Capac i ty  wi thou t  freeboard of SAF o u t l e t  i n  c f s  
Qso = Capaci ty  of  SAF o u t l e t  i.n c f s  

qr  = Design d i s c h a r g e  per f o o t  width  i n  c f ' s / f t  
q,, = Capac:ity wi thou t  f r e e b o a r d  of SAF o u t l e t  p e r  f o o t  width  in c f s / f t  
so = Slope of  bottom of  ck~arinel i n  the SAF o u t l e t  f t / f t  
N = P e r p e n d i c u l a r  h e i g h t  of' s i d e w a l l s  above ch:innel f l o o r  a t  ups t ream end of SAT 

o u t l e t  i n  f t  
g = A c c e l e r a t i o n  due t o  gravi ty--52.16 f t / s e c 2  

DESIGN FORMULAS 

j <F, S 3 O O  
vie 

1. F, = - 

The b a c k f i l l  w i l l  be l i m i t e d  t o  
one o f  t h e  fo l lowing  h e i g h t s ,  
whichever i s  l e a s t :  

1. Top of  s i d e w a l l  and wing- 
w a l l .  

2. $d; above t h e  f l o o r  of  
t h e  b a s i n ,  

3. 5 f e e t  above t h e  f l o o r  of 
t h e  basin. 
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35.813 
37.252 
34.836 
40.99 
41.715 
41.715 
43.152 
43.152 
411.59 
46. ooc 
47.35: 
47.35: 
M.692 
48.69; 
50.03: 
50.03: 
51.37e 
51.37@ 
51.37e 
52.74C 
52.7'4 
52.74C 
9.114 
54.114 
9. 114 
55.41;: 
55.412 
55.412 
55.412 
56.744 
56.744 
56.744 
57.994 
57.994 
57 -994 
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59.32E 
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2.202 

CHUTE S P I L L W A Y S :  S A F  O U T L E T S  J in f e e t  
Capacities without freeboard for various dimensions L,in fee t  
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CHUTE SPILLWAYS:  S A F  O U T L E T S  
T a i l w a t e r  requirment  a n d  e n d  sill h e i g h t .  I d; in  feeT 

s  in inches 

REFERENCE I J STANDARD D W G  NO 
Blalsdel l ,  F  W " ~ e v e l o p m e n t  And Hydroul~c IJ S DJFAIf lMENT OF ACRICU1,TURE 
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CHUTE SPILLWAYS: S A F  OUTLETS; Example 

I EXAMPLE 

Given: A chute having a s t r a i g h t  i n l e t ,  a bottom slope of  3 t o  1 and a v e r t i c a l  drop 
of  Z = 50 f t  from t h e  c r e s t  of  i n l e t  t o  t h e  f l o o r  of  t h e  o u t l e t .  The design d i s -  
charge i s  200 c f s  W = 8 ft 8 = 8 f t  

Determine: 1. 
2. 

3. 
4. 

Solut ion:  1. -- 

Required capac i ty  without f reeboard.  
The he igh t  o f  t h e  channel s idewal l s ,  N,  and en t rance  depth,  d l ,  of  
flow t o  SAF o u t l e t  without  a i r  entrainment. 
Dimensions of  SAF o u t l e t .  
Required depth o f  t a i l w a t e r .  

The requi red  capac i ty  without f reeboard,  Qfr, i s  

Q, = (1.20 + 0.003 2 )  Q, 

Qfr = l1.20 + (0.003)(50)] 200 = 270 c f s  

= &fr - 270 = qfr - 8 33-75 Cfs / f t  

The requi red  height  of channel  s idewal l s ,  N ,  i s  read  from t a b l e  3b of  
ES-88 as 

N = 2.00 f t  

The en t rance  depth of  flow without a i r  entrainment, d l ,  i s  obtained 
from ES-78. I n t e r p o l a t i o n  f o r  t h i s  depth between W = 6 and W = LO 
from s h e e t s  9 and 11 obta in  

dl  = 0.659 f t  

The dimensions of t h e  SAF may be read  from ES-73 o r  ES-86. 

a .  The dimensions of  t h e  SAF a s  given on sheet  6 of  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

J = 11.5 f t ;  Lg = 7.5 f t  

The height  of t h e  end s i l l  a s  given on sheet  7 o f  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

s = 8 inches 

Since t h e  va lue  o f  d l  i s  known, t h e  s i z e  and spacing of  f l o o r  and 
chute  blocks can be determined from shee t  1 of ES-73. 

b. The dimensions of t h e  SAF o u t l e t  may a l s o  be determined by ES-73. 
The en t rance  v e l o c i t y  t o  t h e  SAF o u t l e t  i s  determined by t h e  fo r -  
mula 

From shee t  2 of  ES-73 when vl = 51.2 f t / s e c  and d l  = 0.659 ft 
read  t h e  dimensions 

J = 11.5 f t ;  LB = 7.5 f t  

The he igh t  of t h e  end s i l l  i s  read from sheet  3 of ES-73 a s  s = 8 
inches 

The SAF o u t l e t  w i l l  not cause d i s s i p a t i o n  of  t h e  k i n e t i c  energy u n l e s s  
it has s u f f i c i e n t  t a i l w a t e r  height .  Serious e ros ion  w i l l  occur i n  t h e  
e r o d i b l e  channel downstream from t h e  SAF o u t l e t  whenever s u f f i c i e n t  
t a i l w a t e r  depth is  no t  p resen t .  The requi red  t a i l w a t e r  depth d l  may 
be read  from sheet  7 of ES-86 o r  sheet  3 of  ES-73. 

a; = 8.1 r t  
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